There is evidence that ciliary neurotrophic factor (CNTF), in addition to its neurotrophic activity, positively regulates astrogliosis after CNS injury. CNTF and its receptor, CNTFR␣, are strongly upregulated in activated astrocytes. Application of CNTF upregulates GFAP expression in cultured astrocytes and induces various aspects of gliosis in the intact brain. Here we examined whether inactivation of the CNTF gene results in the expected changes in glial reactivity by analyzing gliosis in the superior colliculus (SC) after optic nerve crush.
Introduction
There is increasing evidence that ciliary neurotrophic factor (CNTF) is of particular importance as a regulator of reactive processes after lesion in the PNS and CNS. CNTF and its specific receptor component, CNTFR␣, are dramatically upregulated in reactive astrocytes (Ip et al., 1993; Rudge et al., 1994; Lee et al., 1997; Kirsch et al., 1998) . When applied exogenously, CNTF induces astrogliosis in the unlesioned brain (Winter et al., 1995; Levison et al., 1996; Kahn et al., 1997) , stimulates nuclear hypertrophy, and increases GFAP content of astrocytes in vitro (Levison et al., 1998) . The GFAP promotor contains CNTF-responsive elements (Clatterbuck et al., 1996; Kahn et al., 1997) , suggesting a direct influence of CNTF on the regulation of glial reactivity. After ligand binding to CNTFR␣, a trimeric receptor is assembled that contains the signaling components leukemia inhibitory factor receptor ␤ (LIFR␤) and glycoprotein 130 (gp130) (Davis and Yancopoulos, 1993; Davis et al., 1993) . This activates receptorassociated Janus kinases (JAKs) and tyrosine phosphorylation of transcription factors of the signal transducer and activator of transcription (STAT) family, followed by their dimerization and nuclear translocation (Bonni et al., 1993; Cattaneo et al., 1999; Takeda and Akira, 2000) . Activation of the JAK/STAT-pathway in astrocytes and microglial cells after lesions in the nervous system has been shown in several studies (Planas et al., 1996; Acarin et al., 2000; Justicia et al., 2000; Schwaiger et al., 2000) . Taken together, these data would suggest that CNTF is involved in regulating glial activation after lesion.
A large number of other cytokines and growth factors have been shown to be involved in mediating astroglial or microglial activation. Interleukin (IL)-1, IL-2, ␥-interferon, TGF-␤, TNF-␣, and others have been found to result in massive astrogliosis when injected directly into the brain or overexpressed in transgenic animals (Giulian et al., 1988; Brosnan et al., 1989; Yong et al., 1991; Chiang et al., 1994; Klein et al., 1997) . IL-10, on the other hand, seems to have an inhibitory effect on astrocyte activation (Balasingam and Yong, 1996) . Thus an intricate network of stimulatory and inhibitory factors seems to regulate the activation state of astrocytes and microglia in the CNS.
In the experiments reported here, we have examined the role of CNTF in regulating glial reactivity by using CNTF-knock-out animals, for which no lesion-associated phenotype has been described so far. In the optic nerve lesion model, the results of lesioning can be monitored in the target area of retinal ganglion cells, the superior colliculus, which is at some distance from the actual lesion site, thereby minimizing the direct effects of breaching the blood-brain barrier.
We demonstrate that in the absence of CNTF, the glial reaction to lesion in principle is unimpaired. Morphological analyses, however, suggest that at early time points after lesion (3 dpl), astrocyte activation has progressed further in CNTF-knock-out animals. This is accompanied by increased mRNA expression of key components of its receptor system, namely gp130 and LIFR␤. In addition, we find that TGF-␤1 is upregulated more strongly in CNTF-deficient mice, suggesting that the balance of signaling pathways, which normally underlie the lesion-induced activation of glial cells, is altered in the absence of CNTF.
Materials and Methods
Animals. Adult male animals were used in all experiments. CNTF Ϫ / Ϫ breeding animals (Masu et al., 1993) were kindly provided by M. Sendtner (Würzburg, Germany) and were bred on a C57BL/6 background. They were housed on a 12 hr light/dark cycle with ad libitum access to food and water. All experimental procedures were approved by the local animal care committee and were in accordance with the guidelines instituted by German laws for animal experiments. Control mice (C57BL/6) were obtained from Charles River (Wiga, Germany) and were housed under the same conditions for at least 2 weeks before they were used in the experiments.
Optic nerve lesions. Animals were anesthetized with a mixture of 25% Ketavet (Parke-Davis; 100 mg/ml), 6% Rompun (Bayer; 20 mg/ml), and 2.5% Ventranquil (Albrecht; 10 mg/ml) in physiological saline at a dose of 2.5 ml/kg body weight. Access to the orbita was gained by lateral canthotomy. The optic nerve was exposed by cutting the lateral rectus muscle and by blunt dissection of the tissue surrounding the optic nerve. The meninges were left intact. Crush lesioning was performed with forceps of 1 mm tip width for 30 sec. Immediately after the crush, retinal circulation was checked ophthalmoscopically. Only animals that showed unimpaired circulation within 2 min after the nerve was lesioned were included in this study. The eyelid was closed by a suture to prevent drying of the cornea.
Morphological analysis. After various survival times, animals were transcardially perfused first with 0.9% NaCl in 20 mM phosphate buffer (PB), pH 7.2, followed by 4% paraformaldehyde in 0.1 M PB for 10 min. The brains were removed and postfixed in the same fixative for 3 hr at 4°C followed by cryoprotection in 20% sucrose in 0.1 M PB, pH 7.2, at 4°C overnight. Cryostat sections (30 m, coronal plane) were cut in series through the midbrain at the level of the superior colliculus. Series consisting of five to six sections covering the whole rostrocaudal extent of the superior colliculus were collected into individual wells of a multiwell plate. Sections from wild-type and knock-out animals were marked by needle punches to enable their identification, and one series of sections from a wild-type and a CNTF-knock-out animal was processed freefloating for immunocytochemistry after placing them together into a single well of a 12-well tissue culture plate to ensure equal staining conditions. Immuncytochemical staining was performed with the following antibodies at the dilutions given: anti-S100 (1:10,000; Swant, Bellinzona, Switzerland), anti-GFAP (1:500; Dako, Glostrup, Denmark), anti-F4/80 (1:50), anti-CD11b (1:50; all from Serotec/Biozol, Eching, Germany), anti-Iba-1 (1:2000; a kind gift of Dr. Y. Imai, National Institute of Neuroscience, Tokyo, Japan). All incubations were performed at room temperature (RT) unless noted otherwise. Sections were first treated at RT with methanol containing 0.3% H 2 O 2 to quench endogenous peroxidase activity for 30 min. After one brief washing step in 0.1 M PB, unspecific binding sites were blocked by incubation with 10% normal serum (normal rabbit or normal goat serum, depending on the secondary antibody used; Biotrend, Köln, Germany), 1% Triton X-100 in 0.1 M PB for 1 hr. Incubation with the primary antibodies was performed overnight at 4°C in 0.1 M PB containing 10% blocking solution. After three washes (15 min each) with PB, sections were incubated with biotinylated secondary antibody (Vector Laboratories, Burlingame, CA) diluted 1:250 in PB containing 2% horse serum for 60 min at room temperature. Bound antibodies were detected by the indirect immunoperoxidase method using the ABC-Elite kit (Vector Laboratories) and DAB/H 2 O 2 following the manufacturer's recommendations. Sections were mounted onto glass slides, air dried, and coverslipped in Hyper-Mount (Shandon, Frankfurt, Germany) after dehydration in a graded series of ethanol and toluene.
To quantitate staining intensity, digital images of the stained sections were obtained with an Olympus PD-11 digital camera using standardized illumination conditions. Images obtained in this way were then analyzed with an image analysis program (Scion-Image, Scion Corporation). Mean gray levels and optical density (sum of the gray values in the selection, with background subtracted) on the ipsilateral and contralateral side were measured in 10 circular measuring fields ϳ100 m in diameter placed randomly over the stratum opticum and stratum griseum superficiale of the superior colliculus. Measurements were done in three to six sections of a minimum of three animals of each genotype per time point analyzed. All measurements from one animal were averaged and treated as an independent data point in the subsequent statistical analysis. For evaluating Iba-1 staining, the optical density ratio between the contralateral and ipsilateral side was chosen as a measuring parameter. For evaluation of F4/80 and GFAP staining, a mean gray value (sum of gray values of all pixels in the selection divided by number of pixels) was calculated by subtracting the mean gray value of the ipsilateral from that obtained on the contralateral side. For these markers, calculation of the optical density ratio was not possible because of the absence of stained cells on the ipsilateral side. Statistical analysis was performed by two-tailed t tests or two-way ANOVA using GraphPad Prism (GraphPad Software, San Diego, CA) and the post-test calculators provided at http://www. graphpad.com. Details are given in respective figure legends.
Real-time quantitative RT-PCR. Tissue for PCR analysis of mRNA expression was dissected from brains frozen immediately after dissection. Purification of total RNA was performed by sonication (Branson Sonifier, Danbury, CT) in 1 ml Trizol (Invitrogen, Karlsruhe, Germany) according to the manufacturer's suggestions. After the RNA pellet was dried and redissolved in RNAase-free water, concentration was determined spectrophotometrically. Total RNA (1-2 g) was then subjected to DNAase I treatment (Invitrogen) and reverse transcribed with oligo-dT as a primer and Moloney murine leukemia virus-reverse transcriptase (Promega, Mannheim, Germany) for 1 hr at 42°C.
Aliquots of cDNA corresponding to ϳ6 ng of total RNA were used for PCR analysis with the GeneAmp 5700 and the SybrGreen detection kit (Applied Biosystems, Weiterstadt, Germany). The following primers were selected from published mouse sequences using the Primer3 pro-
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gram available from the Whitehead Institute for Biomedical Research. Primer sequences are given in 5Ј33Ј direction. The primers were used at a concentration of 250 nM in the PCR reaction. Cycling conditions were as follows: 10 min at 95°C (to activate the hot-start Taq-polymerase supplied with the SybrGreen detection kit), followed by 40 cycles of 1 min at 95°C and 1 min at 60°C (two-step PCR). During amplification, the fluorescence signal, which is proportional to the amount of double-stranded product produced, was monitored. In this way a complete amplification profile for each of the 96 wells of a PCR plate was obtained, which was used for the analysis. At the end of the PCR run, melting curves of the amplified products were obtained, which were used to control specificity of the amplification reaction. Pilot experiments, in which aliquots of the amplified products were separated on agarose gels, were performed to ensure amplification of specific products of the predicted length.
From the amplification curves obtained in this way, a threshold cycle number (Ct) was calculated. Ct corresponds to the cycle number at which the amplification curve reaches a fluorescent signal of a user-defined magnitude. Thresholds were selected so that Ct values lay at the beginning of the linear phase of amplification. Expression levels were normalized to those obtained for the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase. Values from triplicate measurements of each experimental animal were averaged and treated as independent data points in the subsequent statistical analysis by two-tailed, unpaired t tests. Details of relative quantification of gene expression using this method can be found in User Bulletin 2, which can be found by searching for the phrase "relative quantitation of gene expression" at the following site: http:// docs.appliedbiosystems.com/search.taf.
Results
Five days after crush lesioning of the optic nerve in mice, astrocytes and microglial cells are activated in the deafferented SC contralateral to the lesion side (Fig. 1a-c) . Glial activation is restricted to the contralateral side and to the superficial layers of the SC where retinal ganglion cell axons terminate. Activation of astrocytes on the contralateral side could be readily detected by staining with antibodies against GFAP, and no detectable staining was observed ipsilateral to the lesion side and in unlesioned control mice. GFAP-stained cells show the typical morphology of activated astrocytes with numerous thick processes and hypertrophied somata (Fig. 1a, inset) . Microglial cells can be stained with various markers; some of them, like Iba-1, stain both resting and activated microglial cells (Fig. 1b) , and others, like F4/80, stain only activated microglial cells (Fig. 1c) . Staining of midbrain sections with antibodies against Iba-1 shows a regular distribution of ramified microglial cells. After lesion, microglial cells in the contralateral SC are stained more intensely and show the typical activated morphology with decreased ramification and hypertrophy of the soma region (Fig. 1b, inset) . Activation of astrocytes and microglial cells in the deafferented superior colliculus as evidenced by staining for these markers first becomes detectable 2 d after lesion (data not shown). This is in contrast to the situation in areas directly affected by a lesion in other lesion paradigms such as stab wounds or ischemia, where glial activa- tion becomes apparent within hours after lesion (Raivich et al., 1999) .
When comparing GFAP-stained sections of CNTF-deficient and wild-type animals 3 d after an intraorbital crush of the optic nerve (3 dpl) (Fig. 2) , increased staining in the CNTF-knock-out animals ( Fig. 2b) is apparent as compared with wild-type animals (Fig. 2a) . Astrocyte activation in wild-type animals exhibits the characteristics of the early activation response described by Raivich et al. (1999) , with large GFAP-positive plaque-like cells and accentuated cell bodies. In CNTF-deficient animals on the other hand, activated astrocytes already show characteristics of the fully activated, stellate/fibrillary cells. This observation therefore clearly shows that astrocyte activation is not compromised at all in knock-out animals and further indicates that it is already more fully developed at 3 dpl in the CNTF-deficient animals. This is also supported by our densitometric analysis of GFAP-stained sections from wildtype and knock-out animals, which shows a 2.4-fold difference in staining intensity at 3 dpl (Fig. 2e) . At later time points, differences in GFAP staining are no longer apparent between wild-type and knock-out animals (14 dpl) (Fig. 2c-e) .
With respect to activation of microglial cells, no differences could be demonstrated by immunocytochemistry between unoperated wild-type and knock-out animals with the markers used (Iba-1, F4/80, CD11b). These markers have been widely used to detect activated microglial cells after lesion (for review, see Raivich et al., 1999) . Their expression is strongly upregulated in activated microglial cells in a multitude of different lesion paradigms, reflecting their involvement in various aspects of the function of activated microglial cells like migration and phagocytosis. Differences between wild-type and knockout animals were first detectable at 5 dpl by immunostaining with antibodies against F4/80 (Fig. 3a,b) , whereas CD11b and Iba-1 staining was stronger at even later time points (Fig. 3c-f ) . Results from a densitometric analysis of F4/80 and Iba-1 staining at all time points examined are shown in Figure 4 . Iba-1 staining was significantly stronger in CNTF-deficient animals at 8 and 14 dpl (Fig. 4a) , indicating that although there was no significant difference in initial activation, microglial cells exhibited prolonged activation in the absence of endogenous CNTF. Similar results were obtained for another activation marker, F4/80, which was expressed more strongly in the CNTF-knock-out animals at 5, 8, and 14 dpl (Fig. 4b) . Although differences in F4/80 staining were statistically different ( p Ͻ 0.05) only at 5 dpl, values from knock-out animals tended to be higher as compared with those from wildtype animals at all time points after lesion. Taken together, these data would suggest that as was the case for astroglial activation, elimination of CNTF did not affect microglial activation per se but rather altered the time course of expression of certain microglial markers.
To determine differences in glial activation on the mRNA level, we performed a quantitative RT-PCR analysis for astroglial and microglial markers (Figs. 5, 6 ). Analysis of GFAP mRNA expression in unlesioned control animals revealed reduced basal expression in CNTF-knock-out as compared with wild-type animals (33.5%) (Fig. 5a ). However, 1 d after optic nerve lesion, GFAP expression has increased 1.8-fold in knock-out animals as compared with 1.2-fold in wild-type animals (Fig. 5b) . Statistical analysis (two-tailed, unpaired t test) showed that at this time point, GFAP expression in knock-out animals is already significantly increased ( p Ͻ 0.05), whereas the increase in wild-type animals has not reached statistical significance. Thus astroglial -animals ( b) are more strongly stained than in wild-type animals ( a). Astroglial reactivity has reached similar levels at 14 dpl (c, d). Scale bars: b, d, 50 m. e, Densitometric analysis of GFAP-immunostained sections 3 and 14 dpl. Staining intensity was quantified by densitometric analysis as detailed in Materials and Methods (Morphological analysis). Values are means Ϯ SD. Asterisk indicates a significant increase in staining intensity as compared with wild-type animals; p Ͻ 0.05; two-way ANOVA with post-test using the Bonferroni correction: residual df ϭ 10; residual mean square 13.31. activation has only been initiated measurably in CNTF-deficient animals at this time point. Three days after lesion, expression of GFAP mRNA has increased 8.9-fold in the knock-out animals and only 3.1-fold in the wild-type animals (Fig. 5b) . On the basis of the observed reduced basal GFAP mRNA expression in knockout animals, this results in similar absolute levels of GFAP mRNA at 3 dpl.
Another astroglial marker, vimentin, showed a similar expression pattern. Basal expression of vimentin mRNA is reduced to 62.7% in knock-out animals (Fig. 5a ). Vimentin expression at 3 dpl is upregulated 4.9-fold in knock-out animals and twofold in wild-type animals. As for GFAP, increased lesion-induced upregulation of vimentin expression is also already apparent at 1 dpl, with knock-out animals showing higher expression than wild-type animals (Fig. 5b) . Differences in basal expression of GFAP could also be detected by immunoblotting (Fig. 5c ). To test whether reduced basal expression of GFAP in the knock-out animals results from a reduction in astrocyte numbers, immunocytochemical staining and immunoblotting with antibodies against another astroglial marker protein, S-100␤, were performed ( Fig.  5c-e) . For this marker, no differences were observed, with respect to neither total protein levels nor number of immunoreactive astrocytes.
Quantitative analysis of the expression of microglial markers 3 dpl showed that expression of all markers studied is upregulated after lesion (Fig. 6a) . All markers showed a consistently stronger lesion-induced upregulation in the CNTF-deficient animals (Fig.  6a , hatched bars) as compared with wild-type animals (Fig. 6a,  solid bars) , although statistical analysis of the data showed that only values for Iba-1 and ICAM-1 reached statistical significance. None of the microglial markers examined showed differences in basal expression between wild-type and knock-out animals (data not shown), indicating that the observed differences in lesioninduced upregulation indeed reflect stronger activation of microglial cells in the CNTF-deficient animals. This is in agreement with the immunocytochemical observations for Iba-1, CD11b, and F4/80 (Figs. 3, 4a) .
Taken together, our results would indicate that activation of astrocytes and microglial cells in the knock-out animals is not only unimpaired, but may even be accelerated. To examine whether changes in the regulation of receptor components for CNTF and related cytokines is different in CNTF-knock-out animals or if other factors that have been shown to be involved in inducing gliosis are differentially regulated, we studied expression of candidate molecules by quantitative PCR. Figure 6b summarizes these results. All expression levels are expressed as fold upregulation relative to unoperated control animals, because none of the examined genes showed differences in basal expression levels. First, we found lesion induced upregulation of two other members of the IL-6 family of cytokines, namely LIF and the recently described family member NNT-1/cardiotrophin-like cytokine. However, 3 dpl expression of both factors is upregulated to the same extent. On the other hand, expression of two of the three receptor components of the CNTF/LIF system, LIFR␤ and gp130, is more strongly upregulated in the knock-out animals. Thus, signaling through LIFR␤ and gp130 by other members of the IL-6 family of cytokines could be enhanced in the knock-out animals. In support of this hypothesis, we found that expression of one of the typical target genes of the CNTF/LIF signaling pathway, suppressor of cytokine signaling (SOCS)-3, is more strongly induced in CNTF-knock-out animals. SOCS proteins are a class of proteins that are negative regulators of cytokine receptor signaling via the JAK/STAT pathway. We also found strongly increased expression of TGF-␤1, a member of a different family of growth factors, in the CNTF-knock-out animals. TGF-␤1 has been shown previously to be involved in regulating gliosis (Logan et al., 1994) . Our observation, that in the absence of endogenous CNTF lesion induces stronger upregulation of TGF-␤1 expression, suggests that there is a regulatory link between these two factors and that they cooperate to induce cellular reactions after lesion.
Discussion
Previous studies had suggested a role for CNTF as a positive regulator of gliosis after lesions in the CNS. By analyzing glial activation in the SC of CNTF-deficient mice after optic nerve lesion, we show that astroglial and microglial activation are remarkably unaffected by the absence of CNTF and that differences between wild-type and knock-out animals are mainly reflected in an altered time course of activation. Specifically, we show that certain markers of glial activation are upregulated earlier in CNTF-knock-out animals. Increased lesion-induced upregulation of LIFR␤, gp130, and TGF-␤1 in CNTF-deficient animals could provide an explanation for these unexpected findings.
Glial reactivity in the superior colliculus after optic nerve lesion
In unoperated animals, astrocytes in the SC are GFAP negative. Optic nerve lesion, however, leads to the appearance of strongly GFAP-stained astrocytes in the SC that exhibit the characteristics of activated cells (Fawcett and Asher, 1999) . Astrocyte activation is paralleled by that of microglial cells (Raivich et al., 1999) . In unoperated animals and in the ipsilateral SC after optic nerve lesion, staining for microglial markers reveals the known network of ramified cells. After lesion, expression of all microglial markers examined is upregulated in the contralateral SC, and transformation of microglia to the activated phenotype is evident (Streit et al., 1999) .
In agreement with previous studies, glial activation was undetectable morphologically earlier than 2-3 dpl (Schmidt-Kastner et al., 1993; Castano et al., 1996) . This is in contrast to lesions with breaching of the blood-brain barrier, where it can be detected within hours after lesioning (Streit et al., 1999) . Our quantitative evaluation of F4/80 and Iba-1 staining shows that microglial activation peaks at 8 dpl. A maximum of immunostained microglial cells at 7 dpl has been found in the mouse using the same lesion paradigm (Lawson et al., 1994) .
Basal expression of astroglial markers is reduced in the absence of CNTF CNTF and LIF can control GFAP expression in cultured astrocytes and during development (Bugga et al., 1998; Koblar et al., 1998; Levison et al., 1998) and strongly promote generation of astrocytes from precursors (Richards et al., 1996; Bonni et al., 1997; Shimazaki et al., 2001 ). The GFAP promoter contains cytokine response elements, and CNTF stimulates transcription from this promoter (Kahn et al., 1997) . Evidence that GFAP expression in astrocytes of the unlesioned CNS is regulated by CNTF is provided by our finding of reduced basal expression in Ϫ / Ϫ animals (hatched bars) as compared with wild-type animals (filled bars). Staining intensity was quantified by densitometric analysis as detailed in Materials and Methods (Morphological analysis). Results for Iba-1 ( a) staining are given as optical density ratio (ϮSEM) between staining on the contralateral and ipsilateral sides; those for F4/80 staining ( b) are expressed as the mean gray level (ϮSEM) on the contralateral side obtained by subtracting the mean gray level determined on the ipsilateral side from that measured on the contralateral side. Asterisk indicates significant differences in staining intensity; p Ͻ 0.05 (**p Ͻ 0.01); two-way ANOVA with post-test using the Bonferroni correction. a, Residual df ϭ 19; residual mean square 0.02365; b, residual df ϭ 28; residual mean square 11.06.
CNTF
Ϫ / Ϫ animals. There are two possible explanations for this finding: (1) lack of CNTF during development leads to reduced numbers of astrocytes developing from precursors (Bonni et al., 1997 ; but see Shimazaki et al., 2001) ; (2) normal numbers of astrocytes are generated, but lack of CNTF in the adult leads to reduced expression of GFAP. In support of the second possibility, we did not observe reduced numbers of astrocytes in CNTF Ϫ / Ϫ animals by immunocytochemistry with antibodies against S-100␤, nor did we find reduced levels of S-100␤ protein by Western blotting. There were also no differences in the number of activated astrocytes in CNTF Ϫ / Ϫ animals after lesion. Reduced basal expression of GFAP and vimentin mRNA in unoperated CNTF Ϫ / Ϫ animals indicates that in wild-type animals CNTF is active in the unlesioned brain. This is also supported by findings in mice overexpressing CNTF, which show constitutive activation of astrocytes (Winter et al., 1995) . Similar conclusions can be drawn for LIF (Koblar et al., 1998) . In LIFdeficient animals, a 40% reduction of the number of GFAP-positive cells in the hippocampus was observed. However, similar to the situation in the unlesioned SC, where resting astrocytes are not revealed by GFAP staining, astrocytes expressing very low amounts of GFAP may have been undetectable in the aforementioned study. Results obtained by Koblar et al. (1998) and in this study thus suggest that GFAP expression in astrocytes of the unlesioned CNS is under dual control of two cytokines of the same family, namely CNTF and LIF.
None of the microglial markers examined showed differences in basal expression levels (data not shown), suggesting that unlike the situation for astrocytes, microglial cells in the unlesioned brain are not affected by the absence of CNTF.
Glial activation in CNTF
؊ / ؊ mice We reasoned that elimination of CNTF would lead to reduced glial activation after lesion, thus directly proving its suggested contribution in inducing gliosis. Unexpectedly, however, glial responses, and that of astrocytes in particular, are not impaired at all in CNTF-knock-out animals. Rather, lesion-induced upregulation of the astrocytic activation markers GFAP and vimentin could be detected earlier in CNTF-deficient animals. Starting at lower basal levels, upregulation of GFAP mRNA is detectable at 1 dpl only in the mutants. At later time points, mRNAs for GFAP as well as vimentin reach the same expression levels as in wild-type mice at 3 dpl, suggesting that the absence of CNTF affects only the initial phase of activation. This was also observed morphologically by immunostaining for GFAP, which showed that at 3 dpl fully activated astrocytes were more abundant in CNTF-deficient animals. At later time points activation was indistinguishable from that in wild-type mice, indicating that the lack of CNTF, rather than leading to reduced activation, results in a subtle change of its time course.
Figure5. BasalexpressionofGFAPandvimentinmRNAisreduced(a),andrelativeincreaseinexpressioninducedbyopticnervelesion is stronger in CNTF-knock-out animals 3 dpl (b). a, b, Results from quantitation of mRNA expression by real-time quantitative PCR. Basal expression of GFAP and vimentin (a) in the superior colliculus of unoperated CNTF Ϫ / Ϫ animals (n ϭ 4) is expressed as percentage (ϮSD) of the expression level determined in unoperated wild-type animals (n ϭ 3). Lesion-induced upregulation of marker expression (b) is given as fold induction versus unoperated controls. All values are mean values (ϮSD) from n ϭ 3-4 animals. Solid bars represent valuesfromwild-typeanimals;hatchedbarsrepresentvaluesfromCNTF Ϫ / Ϫ animals.a,ValuesforGFAPandvimentininCNTF-knockout animals are significantly different from those obtained from wild-type animals with p Ͻ 0.01; unpaired t test, two-tailed. b, *** indicates significant differences in staining intensity between CNTF Ϫ / Ϫ and wild-type animals; p Ͻ 0.001, two-way ANOVA with post-testusingtheBonferronicorrection.GFAP,Residualdfϭ10;residualmeansquare0.7089;vimentin,residualdfϭ10;residualmean square 0.330. c, Western blotting of protein extracts from the superior colliculus of wild-type (WT) and CNTF Ϫ / Ϫ animals (KO). Tissue samples were separated by SDS-PAGE, immunoblotted, and sequentially probed with antibodies against the indicated proteins. Bound antibodies were detected by chemiluminescence and exposure to x-ray film (Kodak-X-OMAT). d, e, Immunostaining of cryosections through the right (contralateral) superior colliculus with antibodies against the astroglial marker S100␤ in wild-type (d) and CNTFknock-out animals (e) 3 dpl. Scale bar: (in e) 50 m.
With respect to microglial cells, CNTF elimination affected microglial markers differentially. For F4/80 staining, maximal differences were found at 5 dpl, whereas Iba-1 and CD11b staining were maximally different at 8 -14 dpl. Because different activation markers probably characterize different functional states of microglial cells (for review, see Raivich et al., 1999) , it may be speculated that CNTF influences only certain aspects of microglial function. At later time points after lesion, microglial cells are supposed to be phagocytotic (Raivich et al., 1999) . Thus, it may be speculated that in the knock-out animals they are confronted with more material to be phagocytosed. There is no reported evidence of cell death of deafferented collicular neurons after optic nerve lesion. However, CNTF has been shown to protect oligodendrocytes from death induced by TNF-␣ (Louis et al., 1993; D'Souza et al., 1996) . Lack of CNTF in the knock-out animals could therefore lead to increased death of oligodendrocytes, increasing the damage sensed by microglial cells. In support of this hypothesis, it was reported recently that the CNTF/LIF system is critically involved in protecting oligodendrocytes in a model of immune-mediated demyelination (Butzkueven et al., 2002; Linker et al., 2002) .
Because it is assumed that microglial cells are first to detect damage (Kreutzberg, 1996) and in turn induce astroglial activation, increased activation of astrocytes seen in the CNTF Ϫ / Ϫ animals may also result from an altered communication between these cells in the absence of CNTF. Herx et al. (2000) showed that CNTF upregulation in astrocytes depends on IL-1␤ upregulation in microglial cells. IL-1 is a potent activator of astrocytes and induces expression of a plethora of other cytokines such as TNF-␣, IL-6, and colony-stimulating factors, which feed back onto microglial cells (Lee et al., 1995) .
Increased expression of CNTFR␣, gp130, and TGF-␤1 in CNTF ؊ / ؊ mice Expression of gp130 and LIFR␤ was upregulated more strongly in the knock-out animals after lesion. This could result in increased signaling by family members known to participate in regulation of astrogliosis (LIF, IL-6) (Klein et al., 1997; Sugiura et al., 2000) . It has been shown recently that astroglial and microglial reactivity are significantly attenuated in LIF-deficient animals in a cortical stab wound model (Sugiura et al., 2000) , suggesting that this cytokine is one of the key regulators. Our finding of a lesioninduced upregulation of LIF and the concomitant upregulation of the components of the functional LIF receptor, LIFR␤ and gp130, is in accordance with these findings. Signaling via LIFR␤ and gp130 would lead to activation of the JAK/STAT pathway (Takeda and Akira, 2000) . This leads to increased transcription of STAT3 target genes. Our finding that SOCS-3, one of these target genes, is more strongly induced in CNTF-knock-out animals would support this hypothesis. Apart from our finding that NNT-1 expression is upregulated after lesion, nothing is known at present about the role of this cytokine in the context of CNS lesions. Our results indicate that it is not only acting during development (Elson et al., 2000) , but could also play a role in the adult nervous system.
We observed a significant difference in lesion-induced upregulation of TGF-␤1 between wild-type and CNTF Ϫ / Ϫ animals. TGF-␤1 is a potent gliosis-inducing molecule, in particular for astrocytes (Wu and Schwartz, 1998; Fawcett and Asher, 1999) , and it has been shown that application of neutralizing antibodies inhibits GFAP expression and glial scar formation (Logan et al., 1994) . There is convincing evidence that microglial cells are the source of TGF-␤1 (Lehrmann et al., 1998) . Increased expression of TGF-␤1 mRNA in CNTF Ϫ / Ϫ animals thus could reflect the increased activation of microglial cells, which in turn could lead to the observed activation of astrocytes. We conclude from our experiments that although previous experiments had suggested a prominent role for CNTF as a potent positive regulator of glial reactivity, elimination of this factor does not lead to impaired activation of glial cells. However, our results show that disruption of the CNTF gene leads to alterations in the time course of glial responses to injury and to changes in the expression of other components involved in glial activation, thereby indicating that CNTF is part of a network of regulating signals that control this activation process. Figure 6 . Lesion-induced upregulation of microglial marker mRNAs ( a) and LIFR␤, gp130, and TGF-␤1 mRNA ( b) in the contralateral superior colliculus 3 dpl in CNTF-knock-out animals (hatched bars) and wild-type animals (solid bars). Lesion-induced upregulation of marker expression is given as fold induction versus unoperated controls. All values are mean values (ϮSD) from n ϭ 3-4 animals. Asterisk indicates significant differences between CNTF Ϫ / Ϫ and wild-type animals; p Ͻ 0.05; unpaired t test, two-tailed.
